We demonstrate atomic force microscope ͑AFM͒ imaging using dielectrophoresis ͑DEP͒ with coaxial probes. DEP provides force contrast allowing coaxial probes to image with enhanced spatial resolution. We model a coaxial probe as an electric dipole to provide analytic formulas for DEP between a dipole, dielectric spheres, and a dielectric substrate. AFM images taken of dielectric spheres with and without an applied electric field show the disappearance of artifacts when imaging with DEP. Quantitative agreement between our model and experiment shows that we are imaging with DEP. © 2011 American Institute of Physics. ͓doi:10.1063/1.3585670͔
The atomic force microscope ͑AFM͒ has proved to be a useful tool to study dielectric materials at the nanoscale. 1, 2 Many AFM imaging modes have emerged to study dielectric materials. Scanning polarization force microscopy has been used to study the dielectric properties of adsorbed liquid films. 3 Electrostatic force microscopy has been used to quantitatively measure the dielectric constant 4, 5 and dielectric spectrum 6 of thin films. Techniques such as scanning near field microwave microscopy, 7 scanning nonlinear dielectric microscopy, 8, 9 and scanning capacitance microscopy 10 directly observe electrical signals that vary with local dielectric properties. Coaxial AFM probes have previously been used for microassembly 11 and near field optical and microwave microscopy. 12 In this paper, we demonstrate dielectrophoretic imaging with a coaxial AFM probe. Imaging with dielectrophoresis ͑DEP͒ can provide topographical information as well as information about the local dielectric constant and spectrum. We begin by modeling a coaxial probe as an electric dipole to find an analytic formula for the dielectrophoretic force due to a dielectric sphere and dielectric substrate. The simulated electric field of a coaxial AFM probe is found to be well approximated by a dipolar electric field. We topographically image microspheres with a coaxial probe and find many artifacts due to the similar size of the tip and the microspheres. Imaging the same spheres under the same imaging conditions with an applied electric field improves the imaging quality and removes artifacts from tip shape. A dipole model of dielectrophoretic imaging with the coaxial tip provides an accurate fit to topographical scans of microspheres showing that imaging with DEP allows for greatly improved noncontact imaging.
We model a coaxial probe as an electric dipole to find the dielectrophoretic force between a coaxial probe and dielectric spheres. Consider a dipole p ជ in vacuum oriented in the z-direction, as shown in the inset of Fig. 1 . A nearby dielectric sphere of permittivity P and radius a will become polarized and experience a dielectrophoretic force, 13
͑1͒
where 0 is the permittivity of free space and E is the electric field created by the dipole. In a vacuum, the sphere is pulled toward electric field maxima; this is positive DEP. The z-component of the force on the dipole due to the sphere is found by substituting the electric field of a dipole 14 into Eq. ͑1͒,
where z and are axial and radial distances, respectively, from the dipole as shown in the inset of Fig. 1 . The fullwidth at half-max ͑FWHM͒ of F sphere versus is FWHM =2z͑2 1/5 −1͒ 1/2 . If the dielectric sphere is resting on a substrate with permittivity S , the first order contribution of the substrate to the force on the dipole may be estimated by calculating the force between the dipole and its image dipole in the substrate, 15 Figure 1 shows the total force on a dipole scanned in at z = a, the dielectric constants are set to P = S = 3.8 0 , that of fused silica. 16 Coaxial probes such as the one shown in Fig. 2͑a͒ create dipolar electric fields that are ideal for imaging with DEP. An axially symmetric finite element electrostatic simulation of the electric field profile of a coaxial probe is shown in Fig.  2͑b͒ . In this simulation, a voltage V = 1 V is applied to the inner conductor which is separated from a grounded shield by an insulating silicon nitride layer of thickness R = 500 nm. Figure 2͑c͒ shows the calculated axial electric field for a variety of tip sizes a distance z away from the end of the probe. The electric field of each probe is fit very well to the z-component of the dipolar electric field,
where L is the displacement of the dipole into the body of the probe as depicted in Fig. 2͑b͒ . This fitting results in L Ϸ 0.75R and p Ϸ 26 0 VR 2 . Here, the electric field at the tip is chosen to be equal to the dielectric breakdown of microgaps in air E BD ϳ 0.75 MV/ cm, 17 imposing a maximum dipole strength for a given probe, p Ϸ 9.1 0 E BD R 3 . A tradeoff becomes evident, increasing the insulator thickness R increases the strength of the dipole but moves it further away from the sample. Figure 2͑d͒ illustrates this tradeoff as the FWHM increases linearly with R while the maximum force increases to a maximum at R Ϸ 8a then decreases at larger R. Coaxial AFM probes ͓Fig. 2͑a͔͒ were fabricated by a previously described method. 11 Cleaned AFM probes ͑Arrow-NC-Nanoword AG͒ were mounted on a metal carrier. Ohmic contacts are made to the probe by thermal evaporation of 15 nm of Ti and 100 nm of Al and annealing for 30 min at 325°C in forming gas ͑20: 1N 2 :H 2 ͒. Probes are then coated in 500 nm of SiN x using chemical vapor deposition. Next, a 15 nm layer of Cr and a 30 nm layer of Au layer are deposited using thermal evaporation. The coaxial apertures are exposed using a focused ion beam. To create dielectric samples, a dilute suspension of 1 Ϯ 0.05 m diameter silica beads ͑Polysciences, Inc.͒ is dried on a freshly cleaned silicon wafer that has a 300 nm layer of thermal oxide. The probes are mounted in an Asylum Research MFP-3D commercial AFM. The excitation voltage is created with a high voltage switchable power supply ͑BOP 500-Kepco Inc.͒. AFM measurements are performed in air at relative humidity below 20% to reduce the effects of adsorbed water.
We demonstrate AFM imaging with DEP of a monolayer of silica microspheres. To image topographic features, we perform amplitude modulation AFM ͑AM-AFM͒ in which the tip is shaken near its resonance frequency and moved toward the sample until the oscillation amplitude decreases to a specified set point. Figure 3͑a͒ shows a topographic image with no applied voltage. Under these conditions, the tip is intermittently striking the surface, which gives rise to imaging artifacts due to the similar size of the tip and features on the sample. In particular, the microspheres are difficult to discern because the pyramidal shape of the probe is visible. Figure 3͑b͒ shows the same region imaged again with 50 V rms applied to the probe at 5 kHz. The microspheres are now clearly visible and tip shape artifacts are gone. This is because DEP provides an attractive force strong enough such that the tip does not actually touch the surface, making this a noncontact imaging mode which allows the tip to be treated as a point dipole. It is important to note that the only difference in the imaging conditions is the addition of the voltage, the imaging conditions are otherwise identical. This approach provides a powerful approach for noncontact imaging of dielectric structures and materials.
A dipole model of the tip provides excellent agreement with topographical scans of the silica microspheres. We find agreement between a topographic line trace from Fig. 3͑b͒ and a contour of constant force from the dipole model which demonstrates that we are imaging with DEP. The black line in Fig. 3͑c͒ is a line cut from Fig. 3͑b͒ across the peaks of the microspheres. We estimate the tip-sample force F TS in AM-AFM using a relationship valid in cases when the dominant FIG. 2. ͑Color online͒ ͑a͒ Scanning electron micrograph of a typical coaxial AFM probe with ͑inset͒ a zoomed in view of the coaxial tip. The inner n + silicon conductor is surrounded by ϳ400 nm of low stress silicon nitride and a Cr/Au ground shield. ͑b͒ Axially symmetric finite element electrostatic simulation of electric field of a coaxial probe. The inner conductor is held at 1 V and the outer conductor is grounded. ͑c͒ Simulated axial electric field of three coaxial probes with varying insulator thickness R. The voltage of each is scaled to set the maximum electric field strength to the dielectric breakdown field E BD of air. Each field profile is fit to a dipolar electric field. ͑b͒ Resolution vs sensitivity of coaxial probes. Left axis: the FWHM of the force as measured from probes with varying R. Right axis: maximum force exerted on a coaxial probe by a dielectric sphere directly below the probe. The maxima at R Ϸ 8a indicates an optimal R to detect a given object.
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interactions are conservative and only have significant values at the point of closest approach, 18
where k is the effective spring constant, A 0 is the free space amplitude, A is the damped oscillation amplitude, and Q is the mechanical quality factor of the cantilever. In our experiment, k =39 nN/ nm, A 0 = 162 nm, A = 88 nm, Q = 534, predicting F TS Ϸ 2.9 nN. In order to independently estimate this force with our dipole model, we calculate the force on a dipole above a hexagonally close packed monolayer of beads with a = 500 nm and P = 3.8 0 , resting on a substrate with S = 3.8 0 . We perform a least-squares fit contours of constant force to the experimental data with the best fit shown as a lighter line in Fig. 3͑c͒ . The dipole model tracks the experimental data very well. Using a value for p Ϸ 4 ϫ 10 −22 Cm predicted from the maximum dipole scaling with R = 400 nm, we find the best fit force to be F TS Ϸ 2.1 nN. The agreement between the force estimated by this method and the force estimated from the AM-AFM conditions shows that we are indeed imaging with DEP.
A comparison of DEP imaging with coaxial and unshielded probes illuminates the advantages of coaxial probes.
An unshielded probe with tip radius R tip is approximated by an electric monopole a distance R tip above a sample 3 while we have shown that a coaxial probe is well approximated by an electric dipole 0.75R above a sample. While imaging with DEP, both have spatial resolution comparable to the tip size, but the field of a dipole decays more quickly with distance so coaxial probes are less sensitive to distant features. By fabricating coaxial probes with smaller tips, it is possible to obtain superior spatial resolution than is possible with unshielded probes. The spatial resolution is given by the FWHM of F sphere versus while imaging a sphere of vanishing radius, a → 0. Using the expressions above and the electric field of a monopole, 14 we find unshielded probes have FWHMϷ 1.0R tip while coaxial probes have FWHM Ϸ 0.6R.
We have shown that DEP may be used as a force contrast mechanism in AM-AFM and that coaxial AFM probes are well suited to image with this mechanism. This imaging technique is not limited to dielectric objects as conducting materials have large permittivities. Furthermore this method is well suited to study buried structures and structures with complex topography because of its noncontact method nature.
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